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Abstract We demonstrate optical transport of cold 
cesium atoms over millimeter-scale distances along an 
optical nanofiber. The atoms are trapped in a one- 
dimensional optical lattice formed by a two-color evanes- 
cent field surrounding the nanofiber, far red- and blue- 
detuned with respect to the atomic transition. The blue- 
detuned field is a propagating nanofiber-guided mode 
while the red-detuned field is a standing-wave mode 
which leads to the periodic axial confinement of the 
atoms. Here, this standing wave is used for transport- 
ing the atoms along the nanofiber by mutually detun- 
ing the two counter-propagating fields which form the 
standing wave. The performance and limitations of the 
nanofiber-based transport are evaluated and possible 
applications are discussed. 



1 Introduction 

The transport of cold and ultra-cold neutral atoms us- 
ing time-dependent trapping potentials has been ac- 
tively studied in recent years [H2I3IMMSIZ] • From a 
technical point of view, a precise active control of the 
position of atoms [8, is a central requirement, e.g., for 
the implementation of an atomic "quantum bus" [9j[l0] , 
for the deterministic and adjustable coupling of atoms 
to functional structures, such as optical resonators [TTj 
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[T2 |[T3| rT4] . for optical clock applications [15 , and for 
cold-atom-based microscopy [IS] . 

Here, we realize the transport of a laser-cooled en- 
semble of cesium atoms using the two-color nanofiber 
trap demonstrated in Ref. [17] . Using light-induced po- 
tentials, the atoms are trapped in the evanescent part of 
guided laser fields propagating through a subwavelength- 
diameter silica fiber [18 . For a sufficiently small dia- 
meter of the fiber, the latter only guides the HEn op- 
tical mode [19], which can be laterally confined to a 
cross-sectional area on the order of A 2 , where A desig- 
nates the wavelength. In contrast to optical conveyor 
belts based on focused free-beam optical dipole traps, 
our transportation scheme has the potential to over- 
come the diffraction-related limitation of the maximum 
transportation distance by exploiting the translational 
invariance of the trapping potential along the entire 
length of the nanofiber. 



2 Set-up 

The experimental set-up of the nanofiber-based optical 
conveyor belt is sketched in Fig. [T^i. With the excep- 
tion of the added acousto-optic modulators (AOMs), it 
corresponds to the one introduced in [17]. A tapered 
optical fiber with a 500-nm diameter nanofiber waist 
of 5 mm length is located in a vacuum chamber with a 
typical background gas pressure of 8 x 10 -10 mbar. Two 
far off-resonant dipole trapping laser fields as well as a 
near-resonant probe beam can be launched through the 
nanofiber. The relevant parameters of these fields are 
summarized in Table [l] A magneto-optical trap (MOT) 
serves as the source of cold atoms to load the nanofiber- 
based trap. It is overlapped with the nanofiber and is 
loaded from cesium background gas. Despite the pres- 



2 



Philipp Schneeweiss et al. 



probe | -^\ 



blue-det 




lasers GP DM silica fiber 




Q 


A M Q A Q A 


» Q Q Q 


A Q A 


l 


iiiiii 


mi 




0^ 


^0*0 


0*00 


* c w 



5 mm 1 > z atoms in a nanofiber-confined standing wave 

Fig. 1 a Schematic of the experimental set-up including the 
tapered optical fiber, the trapping laser beams, the probe 
laser beam, and an electron-multiplying CCD camera used 
for imaging the atomic fluorescence. BS: beam splitter, DM: 
dichroic mirror, GP: glass plate, DP-AOM: acousto-optic 
modulator in double-pass configuration. The atoms in the 
nanofiber trap and the evanescent standing wave pattern 
formed by the red-detuned trapping field are shown in the 
zoomed inset, b CCD image of fluorescence of the atom cloud 
in the MOT which is overlapped with the nanofiber waist of 
the tapered optical fiber. The latter is also visible due to 
scattering of light from the MOT laser beams. 



ence of the nanofiber, the MOT performs normally [20] . 
An image of the combined MOT-nanofiber system, re- 
corded with a charge-coupled device (CCD) camera, is 
shown in Fig.[l]b. The fluorescence of the atoms trapped 
in the MOT and the light of the MOT lasers scattered 
by the nanofiber are clearly visible. 

Our nanofiber trap has been characterized in more 
detail in Refs. [17,21 j. The trapping potential consists 
of two arrays of local potential minima, located in the 
?/-z-plane (see Fig. [T^i). Typical trap frequencies are 



(i/ r , 



,) = (200,315, 140) kHz in the radial, ax- 



ial and azimuthal direction, respectively. The minima 
have a distance of 230 nm to the nanofiber surface, the 
trap depth Uo/k^ is about 400 /iK, where k& is Boltz- 
mann's constant, and we typically trap around 2000 
atoms in total. The individual trapping sites are popu- 
lated with at most one atom per site due to the colli- 
sional blockade effect [22 , and the average filling factor 
is < 1/2 [21 j. A sketch of the nanofiber trap containing 
atoms is shown in the zoomed inset of Fig. [T^i. For the 
periodic axial confinement of the atoms as well as their 
position control, the red-detuned laser beam is split, 
sent through AOMs operated in double-pass configura- 
tion and launched into the tapered optical fiber from 
both sides. The position of the resulting standing wave 
can then be controlled via the relative phase of the two 
counter-propagating red-detuned trapping laser fields. 
In particular, the standing-wave pattern can be trans- 
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Table 1 Overview of the main laser field parameters. Ao 
denotes the free-space wavelength. The polarization planes 
x-z and y-z are specified in Fig.[l^i. SW: standing wave, RW: 
running wave. 



lated at a constant velocity along the nanofiber by set- 
ting the mutual detuning of the two fields to a fixed 
non-zero value using the AOMs. 



3 Measurement and Discussion 

The loading of atoms from the MOT into the fiber-trap 
is performed similarly to Ref. [17] : After a MOT- loading 
period of 2 s, the MOT magnetic field is switched off and 
the MOT cooling and re-pump lasers are switched to a 
molasses configuration, i.e., their powers are reduced 
and the red-detuning of the cooling light with respect 
to the free-space D2 (F — 4 — >> F' = 5) transition is 
increased from —15 MHz to —80 MHz. After this mo- 
lasses phase of 100 ms duration, both the cooling and 
re-pump laser are switched off. The trapping laser fields 
are on during the entire experimental sequence and the 
counter-propagating far red-detuned fields are set to a 
mutual detuning Au opt = ^ opM - f op t,2. 

Due to the double-pass configuration of the AOMs, 



we have Ai 



opt 



2 • Av RF = 2 • (Vrf,i - ^rf,2) where 



z/rf,i and ^rf,2 are the frequencies of the RF signals 
applied to the AOMs (see Fig.JT^i). A detuning Av opt of 
the two counter-propagating red-detuned fields results 
in a traveling fiber-bound lattice potential, moving at 
a velocity 

1 \ re d 

v=--?-Av opt (1) 

2 n eff 

along the z-axis, where n e fj is the effective refractive 
index experienced by the red-detuned trapping light 
propagating through the nanofiber [23] and Ag ed is its 
free-space wavelength. In order to simplify the set-up 
and the experimental sequence, Av opt and thus v are 
set to fixed values during the entire experimental cycle. 
If v is small enough, the atoms are still transferred into 
the nanofiber-based trap during the loading sequence. 
In this case, as will be shown below, the transfer takes 
place during a short time interval around t w to + 77 ms, 
where to marks the start of ramping the MOT fields to 
a molasses configuration. 

At time t = to + 108 ms, we then record an in-situ 
fluorescence image of the nanofiber-trapped atoms with 
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Fig. 2 Fluorescence images of nanofiber-trapped atomic en- 
sembles for different relative detunings Au opt between the 
two red-detuned, counter-propagating trapping laser fields. 
The corresponding velocities of the conveyor belt v are also in- 
dicated. For an increasing absolute value of Au op t, the atoms 
are transported over larger distances. For |ZW Q pt| exceeding 
18 kHz, the transfer of atoms from the MOT into the mov- 
ing nanofiber-based trap becomes less efficient, as is apparent 
from a reduced fluorescence signal. For the maximum detun- 
ings of ±30 kHz, the atomic ensemble is hardly discernible. 
The color scale indicates the relative intensity of the fluores- 
cence collected from the trapped atomic ensemble normalized 
to the maximum value of the Av op t = kHz measurement. 



an EMC CD camera. The images for different values of 
Av opt are shown in Fig. [2] and have been recorded as 
follows: The atoms are excited with quasi-linearly po- 
larized nanofiber-guided probe light at a red-detuning 
of -20 MHz with respect to the AC-Stark-shifted D2 
(F = 4 — >> F' = 5) transition frequency. The polar- 
ization of the probe light lies in the ?/-z-plane, such 
that the dipole emission characteristics yields the max- 
imum signal in the imaging direction. To achieve a good 
signal-to-noise ratio, the images are the sum of 320 
background-corrected exposures from consecutive ex- 
perimental runs. As is clearly visible in Fig. [2] the fiber- 
bound atomic ensemble can be transported along the 
nanofiber in both directions over distances of up to 
0.3 mm. 

We now investigate the nanofiber-based transport 
more quantitatively by determining the center-of-mass 
(COM) position of the ensemble as well as the rela- 
tive number of atoms in the trap from the fluorescence 
images. In Fig. [3^l, the shift of the COM is plotted ver- 
sus the detuning of the two counter-propagating trap- 
ping fields. For absolute detunings |Z\^ opt | < 18kHz, 
the COM shifts linearly with the detuning, indicating 
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Fig. 3 Quantitative characterization of the performance of 
the nanofiber-based conveyor belt, a Center-of-mass position 
of the atomic ensemble as a function of the detuning Au op t 
of the two red-detuned trapping laser beams. For |ZW op t| < 
18 kHz the COM position shifts linearly as is apparent from 
the linear fit (red solid line, see text), b Number of atoms 
after transport as a function of detuning. A reduction for 
increasing |Z\i/ Q pt| is observed. 



that the ensemble is transported in the conveyor belt for 
a fixed duration. Using Eq. ([!]), the duration At of the 
transport can be obtained by fitting v • At to the data 
in the range from —18 kHz to 18 kHz in Fig. [3^i yield- 
ing At = 31 ±1 ms. This allows us to conclude that the 
atoms are loaded into the nanofiber-based trap approx- 
imately 77 ms after the start of the loading sequence. 

The data for |Z\^ opt | > 18 kHz deviate from the lin- 
ear behavior. Moreover, the number of detected atoms 
after the transport also decreases in this detuning range, 
see Fig. ^jp. This effect can be qualitatively understood 
by considering that the atoms are cooled by the mo- 
lasses in the laboratory frame while the optical conveyor 
belt moves at a constant velocity with respect to the lat- 
ter. If we assume that atoms which move in the same 
direction and with the same velocity as the moving con- 
veyor belt are loaded most efficiently into the trapping 
sites, one would therefore expect the loading efficiency 
to be proportional to the fraction of molasses atoms 
with velocity v given by Eq. 0. This fraction is given 
by a one-dimensional Maxwell-Boltzmann distribution, 
i.e., a Gaussian as a function of v with 1/ ^/e-halfwidth 
of a v = ^/k^Tyi/m, where Tm is the temperature of the 
molasses-cooled cloud of atoms and m is the mass of a 



4 



Philipp Schneeweiss et al. 



cesium atom. Consequently, one expects the transfer ef- 
ficiency to drop if\v\ exceeds a v or, using Eq. 0, if the 
detuning |ZW opt | exceeds 2a v n e ff / \ r ed ~ 16 kHz • \/Xm, 
where Tm is in /iK. In a separate measurement we 
record the expansion of our molasses-cooled cloud with 
a CCD as a function of expansion time and derive a 
temperature of Tm = (2.3±0.3)/iK, in reasonable agree- 
ment with the data in Fig. ^jp. 

In comparison to the experiments presented in [T7] , 
the storage time of the atoms in the trap was signifi- 
cantly shorter here (V ~ 12 ms vs. r ~ 50 ms). We 
attribute this reduced lifetime to an increased relative 
phase noise of the two counter-propagating lattice laser 
fields which leads to a position fluctuation of the lat- 
tice along the nanofiber, resulting in resonant heating 
of the atoms. The increase in phase noise is caused by 
the inclusion of the two AOMs into the beam path of 
the red-detuned trapping fields, see Fig. [T^l, which are 
driven by two RF sources (Agilent MXG N5182A & 
Agilent N9310A, where the first provided the 10 MHz 
external clock reference for the second). We measure 
the one-sided power spectrum 50 RF (V) of relative phase 
fluctuations between the two RF signals [24] and obtain 
Scf) RF (v z ) « 10 -11 rad 2 /Hz at the axial oscillation fre- 
quency of the trap v z = 315 kHz. Both red-detuned 
trapping fields pass through AOMs in double-pass con- 
figuration. Consequently, the relative phase noise of the 
RF signals powering the AOMs will be imparted on the 
red-detuned trapping fields, resulting in relative phase 
fluctuations between the two optical fields with a one- 
sided power spectrum of 



(2) 



The axial position of the standing wave pattern formed 
by the two red-detuned counter-propagating trapping 
fields will fluctuate in the presence of relative phase 
fluctuations of the optical signals. The corresponding 
one-sided power spectrum S z (v) of the axial position 
fluctuations of the standing wave is given by 



S z {v) 



4 \2im^) 



(3) 



According to Ref. [23] . the resonant heating rate for 
atoms in a trap due to position fluctuations of the trap 
minimum can be calculated according to 



{E) = A^mviS z {v z ) , 



(4) 



yielding (E) « k B • 15mK/s for our experimental val- 
ues. In the absence of other heating mechanisms, this 
heating rate would lead to a trap lifetime of « (Z7 — 
k B T )/(E) w 24 ms, where T w 30 /iK is the initial 
temperature of the atoms in the nanofiber trap [2T] . 
Taking into account the trap lifetime without AOMs of 



r « 50 ms, the theoretically expected trap lifetime in 
the conveyor belt is thus given by 
-l 



16 ms 



(5) 



in reasonable agreement with our observation. 

Using a low phase noise dual-frequency RF source 
to drive the AOMs, it should be possible to overcome 
the current phase noise limitation of the trap lifetime. 
Moreover, by loading the atoms into a stationary stand- 
ing wave which is subsequently accelerated, it should 
become possible to transport atoms over significant dis- 
tances. In the frame moving with the lattice, such an ac- 
celeration leads to a tilt of the potential. Assuming that 
the atoms are initially at a temperature much lower 
than the trap depth, a maximum acceleration of 



(6) 



U 27rn e ff 5 , 2 

flmax = rzzj- ~ 1-6 • 10 m/s 

m Aq 

can be applied before the trapping minima vanish [25] . 
Assuming this maximum acceleration, the maximum 
distance over which the atoms can be transported is 
given by s = (a max /2) • t t 2 ransp « 8 cm-t t 2 ransp , where the 
transportation time ttransp is in ms. It should be noted, 
however, that for long accelerations, the required de- 
tuning between the RF drive frequencies might eventu- 
ally exceed the bandwidth of the AOMs. Moreover, the 
losses of the nanofiber section have to be small enough 
to guarantee a high contrast of the standing wave spa- 
tial intensity modulation over the entire length of the 
nanofiber. With our fiber pulling rig described in [26] , 
nanofibers with a waist length of up to 1 cm and a trans- 
mission of 98.9%, measured with the method described 
in [27] and compatible with the above requirement, have 
already been manufactured successfully. 



4 Conclusion 

We demonstrated optical transport of cesium atoms 
over millimeter-scale distances using a nanofiber-based 
optical conveyor belt. In combination with the strong 
confinement of both the atoms and the trapping light 
fields, this technique might be used as a tool for cou- 
pling laser-cooled atoms in a deterministic way to func- 
tional devices like, e.g., whispering-gallery- mode res- 
onators [28,29,30 and solid state quantum circuits [3T] . 
The transported atoms might also be used as a scanning 
probe for external fields similar to what has been real- 
ized with NV diamond nanocrystals [32]. Moreover, the 
transport should enable a sequential loading procedure 
of the nanofiber-based trap. In this way, larger ensem- 
bles of fiber-coupled atoms with optical densities on the 
order of a few hundred could be trapped. By sequen- 
tially loading two ensembles at a given distance with 
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respect to each other along the nanofiber, this would 
also allow one to realize the recently proposed optical 
nanofiber-resonator with atomic mirrors [33] . Finally, it 
should be pointed out that due to very strong localiza- 
tion of the atoms in the nanofiber trap, the conveyor 
belt could be used to create a flux of cold atoms with 
very high brightness. This might facilitate nanofiber- 
based atom lithography as well as cold collision exper- 
iments with a high degree of control over the collision 
parameters. 
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